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ABSTRACT To improve the robustness and stability of the LCL inverter connected to weak grid, this
paper proposes a novel active damping based on voltage of point common coupling (vp..) feedback.
A phase lead compensator is proposed in the v, feedback loop to compensate system phase margin (PM).
Theoretical analysis of the effectiveness, detailed parameter setting, stability analysis for proposed active
damping adopting lead compensator, named as LC AD, are all described. Simulation and experiment results
show that comparing to conventional high pass filter (HPF) AD, the proposed LC AD provides more effective
damping effect for the LCL inverter adopting quasi-proportional resonant (QPR) controller under weak grid.

INDEX TERMS Weak grid, LCL filter, grid-connected inverter, active damping.

I. INTRODUCTION

The grid-connected inverter, together with a filter, plays an
important role as the connection hub between distributed
renewable power generations and the grid [1]-[3]. Typically,
LCL filter is widely used in grid-connected inverters for its
advantages of small size, relatively strong ability to suppress
harmonics, etc. However, LCL resonance may cause the
system to oscillate or even to lose stability without appro-
priate damping scheme [4], [5]. On the other hand, with
the penetration increasing of distributed generation (DG),
the grid impedance cannot be ignored anymore and the grid
presents the characteristics of weak grid instead of conven-
tional ideal grid [6], [7]. The presence of grid impedance
will cause the resonance frequency of LCL inverter system
to fluctuate, which may decrease system stability margin and
imposes more critical requirements on the system damping
scheme [8].

Presently, damping methods of LCL filters can be clas-
sified into passive damping (PD) and active damping (AD)
[9]. PD has an excellent damping effect, but a relatively large
loss is introduced due to the adopted resistor [10]. AD adopts
the method of reconstructing system transfer function to
avoid resonance and it includes methods such as resonance
peak compensation, system order reduction and state variable
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feedback, etc. The compensation method is usually imple-
mented by cascading a notch filter with the current regulator
to compensate the LCL resonant peak [11], where the notch
frequency should be aligned exactly to the resonant frequency
of the LCL filter [12]. However, parameter variations of the
LCL filter and the presence of weak grid impedance will
cause resonance frequency to fluctuate, which will deteriorate
the original damping effect or even make the compensation
damping scheme futile [13]. The reduction of system order
can be achieved by employing methods such as splitting-
capacitor strategy [14] and the weighted current method [15].
However, the robustness of the system is poor due to their
high dependence on the filter parameters and the presence of
grid impedance under weak grid may result in the failure of
the system order reduction.

The fundamental principle of state variable feedback AD is
to introduce a virtual resistor to the LCL system to consume
oscillation power. This type AD usually adopts capacitor
current feedback (CCF), capacitor voltage feedback (CVF)
and multi state variable feedback (MSVF) [16]-[20], etc.
CCF constructs a virtual resistor in parallel with the filter
capacitor [16], which is simple and can effectively suppress
the LCL resonance [17]. CVF is also called HPF CVF which
constructs a virtual resistor in parallel with the filter capaci-
tor [18]. This method can improve grid side power quality,
especially in low frequency region if HPF parameters are
properly designed [21]. The MSVF is flexible, robust and
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can provide high-bandwidth performance at relatively low
switching frequencies [22]. However, the methods of CCF,
CVF and MSVF may lead to the insufficient of system PM in
the weak grid condition, which will bring out additional sta-
bility problem [23]. In addition, extra high precision sensors
besides sensors needed by PLL and current/voltage controller
are indispensable, which increases system cost greatly [24].

To avoid using extra sensors, [25]-[27] propose a state
variable feedback AD method which shares grid-injected
current signals with current controller. This method forms a
virtual resistor in parallel with the grid-side inductance [26]
and a s> term appears in the system transfer function, which
is usually approximated by a first-order or a high order
HPF with a negated output. This type method is also called
filter-based AD [27]. Tang et al. [28], [17] also propose AD
scheme without using extra sensors while using estimation
values of needed state variables, such as the capacitor volt-
age and current. This method is based on high accuracy of
system mathematical model [28] and the estimation error
will deteriorate system performance or even lead to system
instability [17].

Presently, to compensate the PM insufficiency of grid-
connected LCL system adopting state variable feedback AD
methods such as CCF, CVF and MSVF under the weak grid
condition, the lead compensator (LC) has been extensively
used in many researches. In [29], [30], and [31], LC is adopted
to compensate the robustness problems caused by digital
control-delay and presence of grid inductance, etc. However,
as discussed previously, extra high sensors are required for
signal acquisition. In [32], LC is added in the grid current
feedback loop. However, this research adopts first-order HPF
connected in series with the LC and the order of the system
increases, which makes the parameters design difficult [33].

Control schemes of grid-connected LCL inverter have been
investigated extensively and many controllers are developed,
such as proportional integral (PI) controller [34], quasi-
proportional resonant (QPR) controller [35], deadbeat (DB)
controller [36], etc. QPR control can achieve zero steady-state
error tracking for periodic signals of a specific frequency
(resonant frequency of the QPR controller) due to its infinite
gain at the resonant frequency. To improve the adaptability of
the LCL inverter to weak grids, many studies are carried out
on improved QPR, such as [5], [37].

To improve the robustness and stability of the LCL inverter
connected to weak grid, this paper proposes a novel AD.
In this scheme, a QPR controller is adopted for the LCL
inverter and the grid voltage of common coupling point (V)
is feeded back to construct a virtual resistor in parallel with
the filter capacitor without extra sensor. Moreover, to increase
the PM of the system stability, a LC is presented to approx-
imate 52 term of system transfer function instead of conven-
tional HPF. Theoretical analysis, simulation and experiment
are carried out to verify the effectiveness of the proposed AD
scheme.

The structure of this paper is organized as follows:
section II presents the mathematical model of the investigated
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TABLE 1. System parameters.

Symbol Description Value
Uye DC voltage 180 V
Vg Grid voltage 100 V
Upi Amplitude of triangle carrier wave 5.14p.u
L Inverter-side inductance 3 mH
L, Grid-side inductance 1 mH
C Filter capacitance 10 uF
fo Grid frequency frequency50Hz
yA Sampling frequency 15kHZ
Jfow Switching frequency 30 kHZ
1., Command current 20A

LCL inverter and describes the AD based on v feedback.
Section III presents the HPF AD method based on vy, and
detailed procedure of parameter setting is given. Section IV
proposes an improved HPF AD, i.e.LC AD, to increase sta-
bility phase margin. Section V compares the stability of the
HPF AD and the proposed LC AD. Section VI gives the
simulation and experimental results and the conclusion is
made in section VII.
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FIGURE 1. Configuration of three-phase LCL grid-connected inverter.

Il. SYSTEM DESCRIPTION AND MODELING

A. SYSTEM DESCRIPTION

The configuration of a typical LCL type three-level grid-
connected inverter is shown in Fig.1. Where Uy, is the DC
bus voltage; Ly, Lr and Cy are the filter inductance and
capacitor of LCL filter respectively; v; and iy; are the output
voltages and currents of the inverter (i = a,b,c, same below);
vei and i are the voltages and currents of Cy; vg; and i
are the grid voltages and grid-injected current; Voltage of
common coupling point vy is feeded back (VCCPF) and
Gr(s) = 1/Kpwm, Kpwy is the inverter gain, which can
be expressed as Ug./U;; and Uy, is the triangular carrier
amplitude [38]. The reference current i,,; of grid-injected
current is calculated from command /I, which is calculated
by upper controller center. The grid impedance is usually
composed of the grid resistance R, and the grid inductance
Lg. Because R, is conducive to the stability of the grid-
connected system that it is ignored to carry out following
analysis in the worst working conditions. And the parameters
of the investigated grid-connected LCL inverter are shown
in Table 1.
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The mathematical model of the system in frequency
domain can be expressed as follows:

sL1i1i(s) = vi(s) — vci(s)
S(La + Lg)iqi(s) = vei(s) — vgi(s) (D
sCrvei(s) = i1i(s) — i2i(s)

Transferring (1) to stationary «f reference frame [24],
and (2) is obtained:

sLii1i_ap(s) = vi(s) — vei_ap(s)
S(La + Lg)iti_ap(s) = vei(s) — vgi_ap(s) 2
$Crvei_ap(s) = i1i_ap(s) — i2i_ap(s)

iz(S)

FIGURE 2. Control diagram of grid-connected inverter.

B. CURRENT CONTROL BASED ON QPR

Fig.2 is the control structure diagram of grid-connected
inverter shown in Fig.1. To achieve static error free tracking
of grid-injected current, a QPR controller is adopted due to
its advantages of fast response speed and high robustness and
is represented as Gg(s) [22]. Moreover, a multi-resonance
compensation controller Gp(s) is in parallel with Gg(s) to
suppress the 3rd, 5th, 7th and 9th harmonics of grid volt-
age [39]. Gr(s), Gp(s) and Gg«(s) are as (3):

2K, 1wes

Grls) = K, 4 ——r1@ed
R(5) P s2+2wcs+w(2)
4
WS 3
GD(S)ZZ fk 3)

= 5% + 2wrs + ((2k + Daxp)?
Gr+(s) = Gg(s) + Gp(s)

where K, is the overall gain of Gg(s); K, is the fundamen-
tal frequency gain of Gg(s); w. is the cut-off frequency of
the QPR controller;wg = 2nfy and fy is the fundamental
frequency; 2k + 1 represents the harmonic frequency order,
k =1,2,3,4; wy is the resonance depth; wg determines the
gain at the harmonic frequency. G4(s) is the control-delay
caused by sampling, A/D and D/A transfer, calculation and
PWM modulation and is represented as e 15755 where T
is sampling period. Parameters of Gg(s) in (3) are reflected
in Table 2 [39], [40].

The open-loop transfer function of the whole system as
Fig.2 is:

G,.lr i) = G($)Kpw Ga(s)/(S°Li(Ly + Lg)C
+s(L1 + Ly + Lg) — LgsGa(s))  (4)

To simplify analysis, system time delay G4(s) is ignored
(The effects of G;4(s) will be further discussed in section V.)
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TABLE 2. Control parameters.

Symbol Description Value
K, Overall gain 100
K, Fundamental frequency gain 0.6
W, Cut-off bandwidth 3.14
on Depth of the resonance 15
fon 3th resonance gain 95
wp Sth resonance gain 95
w3 7th resonance gain 80
o 9th resonance gain 70

and (4) can be simplified to (5), where w, = 27f.r.

P (s)= Gr(s)Kpwm 1
iref 12 LiC(Ly + Lg)s s> + w?

&)

According to (5), the resonance frequency fy.s of the LCL
filer is obtained and shown in (6).

For = 1 L+ Ly ©)
T 2w\ Li(Ly + Ly)C

It is obvious that the open-loop resonant frequency of the
system will be affected by L, inevitably.

C. THE PROPOSED DAMPING SCHEME BASE ON VCCPF
Generally, the power grid with short circuit ratio (SCR) less
than 10 is considered as weak grid [41]. In this paper, SCR
equals to 10 means L, is ImH. According to (5), the Bode
diagram can be drawn as Fig.3 and Ly is set to 0.6mH, 1mH,
2mH, 4mH respectively.

200
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FIGURE 3. Bode diagram of system open-loop control without damping.

Fig.3 clearly shows that the resonance frequency fy.s of the
grid-connected LCL inverter varies with the change of Lg.
Moreover, the phase-frequency characteristic curve crosses
the —180° line at the f,r. From a control point of view, this
means a pair of closed-loop poles appearing in the right half
plane and the system is unstable.

To improve the system stability, a one order damping
term, 2¢w,s, is added to (5), and the transfer function
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is shown in (7):

* () = Gr($)Kpwm 1
LiC(Ly + Lg)s s> + 2L wys + »?

oy —is )

To realize the added 2¢w,s in (7), this paper proposes a
Vpee feedback loop and the corresponding transfer function is
shown in Fig.4. The proposed AD scheme avoids using extra
high precision sensors and is easy for real implementation
because the feedback loop is one order system.

20wl CLytLy)s
Kpwur Lg

1 i (s)
L)

FIGURE 4. Control structure with AD based on vpcc voltage feedback.

1IIl. THE HPF AD BASED ON VCCPF AND PARAMETER
SETTING

A. THE HPF AD BASE ON VCCPF

Generally, a HPF is adopted to emulate the added one order
system (28 w1 C(Ly + Lg)s/KpwprLg) in application [42]. (8)
is the representation of a one order HPF, where kj, and w), are
the gain coefficient and cut-off frequency of the HPF.

kns

Hpy (s) = (8)

s+ wp,

The system control diagram with a one order HPF is shown
in fig.5 and the open-loop transfer function of the system can
be obtained as (9), shown at the bottom of the page.

1 i>(s)
(La+Ld |~

FIGURE 5. Control structure with AD using one order HPF.

B. PARAMETER SETTING OF HPF AD BASED ON VCCPF
In the view of that there is relatively less research on the
parameters setting of the AD based on v, feedback, this
section gives the detailed procedure for parameter setting of
HPF AD.

To achieve best damping results, the open transfer function
of the whole system should be (10) [25], which means that (9)
should be equivalent to (10). Therefore (11) can be obtained:

TABLE 3. Robustness comparison.

PM and GM PM and GM PM and GM PM and GM
COSeS  _06Hm)  (L=1.0Hm)  (L=2.0Hm) (L~4.0Hm)
m=0.6 41°,11.0dB  32°,9.45dB  30°,7.93dB  21°,5.52dB
m=1.0 43°,971dB  33°,805dB  30°6.62dB  21°,4.21dB
m=14 44°,9.16dB  35°,7.56dB  31°,5.96dB  21° 3.58dB
m=2.0 43°,851dB  34°,7.01dB  30°542dB  19°,3.04dB
m=30 42°,804dB  32°,647dB  28°5.14dB  16°,2.68dB

In (10), w,, and ¢ represent the resonance frequency and
damping factor of the conjugate poles. m represents the dis-
tance between the real pole and the imaginary axis compared
with the distance between conjugate poles and the imaginary
axis.

2wy + mEwy, = wpy
mew = (Ly + Ly)wy

"= Ll + Ly)C (11
Ly + Ly + KpwmknLy

Li(Ly + Ly)C
From the first two equations in (11), the relationship
between the m and w,, can be simplified as:
(m+2)(L1 + L)
m= T~ (12)
mLi(Ly + Lg)C

Substituting (12) to the third equation in (11), (13) can be
obtained.

2,2 4 2 _
zmg- a)m + a)Wl -

2
m*+2 (L1 + Lp)
Kpwnkn = ( +2)-2

m L,
(m+2)(L; + L)
mLy(Ly + Lg)C

Assuming ¢ = 0.707, the PM and GM (gain margin) of the
system with different L, are shown in Table 3, in which m is
set to 0.6, 1, 1.4, 2, 3 and 4 respectively. The corresponding
PM curves are shown in Fig.6.

(13)
wp=¢(m +2)\/

4 — L/0.6Hm Lg~2.0Hm

Lg=1.0Hm L~4.0Hm

50 ;/o'/'\
40F

Phase(°)

FIGURE 6. PM of different Lg.

G (s) = GRr($)Kpwm (s + wp)
Li(Ly + Lg)Cs(s + méwp)(s2 + 28 wps + a),zn) As shown in Fig.6, when L, changes from 0.6mH to 4mH
(10) (represented by the value of 0.6mH, 1.0mH, 2.0mH, 4.0mH),
3 Gr(s)Kpwm (s + wp)
G, )= 3 2 2 ©
tref 12 (s* + wps?)L1(Ly 4 Lg)C + (s* + wps)(Ly + Lo) + kpKpwys“Lg
106816 VOLUME 9, 2021
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the system has the optimal PM when m is 1.4. Therefore, m is
set to 1.4 to achieve high PM in this paper.

Finally, substituting m = 1.4 into (13), it can be calculated
that w, = 30625, k;, = 19.2, and these two data will be
adopted in following analysis.

IV. LEAD COMPENSATOR AD BASED ON THE
IMPROVEMENT OF HPF AD

A. DISADVANTAGES OF THE HPF AD

Under weak grid, the Ly can’t be ignored and the stabil-
ity of LCL inverter will be deeply impacted. According
to (9), the open-loop Bode diagram of the system is shown
in Fig.7 when L, changes from 0.6mH to 4mH.

——Lg=0.6mH
~50F ——Lg=1.0mH
/M —lg=
5 Lg=2.0mH
~ ——Lg=4.0mH
Q
g 0fF-—-——-—— - SS———— ] -
3
B
=l
3,‘{507 Lg Increase
=
or T T ‘, ,,,,,,, .
451 | |
|
o0 907 !
o) | |
135 P—— =
1
g-wso —————————————— AR
2251
0 17 T 10
Frequency (Hz)

FIGURE 7. Open-loop Bode diagram of different Ly systems with HPF AD.

Fig.7 shows that when the L, increases, the stability margin
of the system decreases and the open-loop cut-off frequency
of the system is reduced greatly. For example, when L, =
0.6mH, PM is 43°, f.y is 1152 Hz and the phases of 7th and
9th harmonic are 40° and 36°. However, when L, = 4mH,
PM is 15°, fout is 521 Hz and the phases of 7th and 9th
harmonic are only 10° and 7°. Considering the influence
of control delay, the open-loop PM of the system may be
further reduced, and the resonance peak will intersect the
—180° line, which means that harmonics around cross point
will be amplified and the power quality of system will be
deteriorated.

B. THE PROPOSED LC AD

In order to compensate PM of the LCL inverter with HPF AD
based on VCCPF in the weak grid condition, a LC AD is pro-
posed in this paper as shown in Fig.8 and the transfer function
Hic(s) is shown in (14). Comparing to Hpr(s) shown in (8),
a constant k. is adopted to compensate the system PM. The
open-loop transfer function of the system is expressed as (15).

kns + ke
Hic(s) = Twhc

(8) = om = Gr()Kpwm (s + wp)/ (L2 + Lg)C

(14)
*
Imf —Ip

+(5? 4+ wps)(Ly + Lo) + (kns* + kes)Kpwar Lg)
(15)
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FIGURE 8. Transfer function diagram of the system with HPF AD.
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FIGURE 9. System phase and cutoff frequency vs. k..
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FIGURE 10. Open-loop Bode diagram of the system with LC AD under
different Lg.

Fig. 9 shows the relationship of the system phase and cut-
off frequency versus k. of different L, condition, which is
obtained by fitting curve method under Matlab and k. changes
in the range of (0, 1000). Obviously, when k. increases,
the phase margin of the system increases while the open-
loop cut-off frequency decreases. Fig.9 also shows that at the
cross points, k. equals to 435, 475, 490 and 515, respectively.
Therefore, to ensure the open-loop system has a combined
good performance of phase margin and cutoff frequency
when the L, varies, the intermediate value k. = 475 is
selected in this paper.

The Bode diagram according to (15) is shown in Fig.10,
where grid impedance L, is set to 0.6mH to 4mH to represent
different weak grid situations. Comparing Fig.7 and Fig.11,
it can be concluded that with the proposed LC AD, the system
PM is improved greatly (for example, when L, = 4mH,
PM is 15° with HPF AD and is 36° with LC AD). Typically,
the crossing of the —180° line appearing in HPF AD when
L, = 4mH is disappeared, which means that LC AD is
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FIGURE 12. The open-loop Bode plot of the system with HPF AD.

conducive to improve system stability in addition to provide
system damping.

V. SYSTEM STABILITY ANALYSIS

When considering system time delay, the control diagrams of
the investigate LCL inverter system are as Fig.11 in which
G,4(s) is system time delay and its Pade expression is rep-
resented by (16) [18]. The open loop transfer functions of
the system with HPF AD and proposed LC AD are shown
as (17) and (18), at the bottom of the page, respectively,
and corresponding Bode diagrams are shown in Fig.12 and
Fig.13.

_ Tgs 4 @ys?
G(s) = e~ 15T » Tz le _ (16)
T B

It should be noted that comparing to Fig 7 and 10, which
ignore the influence of G,4(s), Fig.12 and Fig.13 show that the
presence of G;(s) will decrease PM.

Fig.12 shows that when L, increases from 0.6mH to 4mH
with HPF AD, GM increases from 3.3dB to 15.6 dB and
PM decreases from 39° to 2° (foy: decreases from 1021Hz
to 518Hz). Taking 7th and 9th harmonic as examples, when
L, equals to 2mH, the phases are very close to —180°, and
as L, grows more higher, the phase may below 180°(such as
when L, equals to 4mH, the phase has less than —180°).

506) Fle)

)

T
| —— Lg=0.5mH
— Lg=0.6mH |
—— Lg=1.0mH
——— Lg=2.0mH
<= Lg=4.0mH

Magnitude (dB)
T
|
N

|
st LV~ V) PM

10’ Frequency (Hz) 10’

FIGURE 13. The open-loop Bode plot of the system with LC AD.

. THD=91.98%:

-40

0.1 0.11 0.12 0.13 0.14 0.15
T/s

FIGURE 14. i, without AD when Lg is 4mH.

Fig.13 shows that with the proposed LC AD strategy, when
L, increases from 0.6mH to 4mH, the GM increases from
2.1dB to 15.8 dB and the PM decreases from 41° to 16° (fout
decreases from 950Hz to 492Hz). Fig.13 also shows that the
—180° line acrossing of 7th and 9th harmonics (at 350Hz and
450Hz) in Fig.12 is disappeared.

Since most of the power grids in remote mountainous areas
of Sichuan Province, China are in the weak grid state (SCR
less than 10), this paper proposes an active damping method
based on the grid voltage based on this. And in this article,
when SCR = 10, the corresponding L, is ImH. And stability
range of HPF AD is only (0.6mH, 2mH), and the proposed

PF (5) = Gr(s)Kpwam (s + wp)Gy(s) (17
lref =12 (s* + wps?)Li(Ly 4+ Lg)C + (s> + wps)(L1 + Lo + Ly — LgG4(s)) + ks> Kpwm Ga(s)Lyg

LC (5) = GRr($)Kpwm (s + wp)Ga(s) (18)
Iref =12 (s* + wps?)Li(Ly 4+ Lg)C + (s> + wps)(L1 + Lo + Ly — LgGa(s)) + (kns® + kes)Kpwm Ga(s)Lg
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FIGURE 17. FFT analysis of the i, under distorted grid voltage when Lg is 4mH. (a) HPF AD, (b) LC AD.

LC AD increases the stability range of the system to (0.6mH,
4mH).

It should be noted that, the grid is named as weak grid if
SCR is larger than 1 (corresponding to L, is larger than 1mH
in this paper). Therefore, even considering the variation of L,,
the minimum value of 0.6mH is sufficient to demonstrate the
effectiveness of aboved HPF AD and LC AD

VI. SIMULATION AND EXPERIMENT

A. SIMULATIONS

A simulation based on MATLAB/SIMULINK for the LCL
inverter as shown in Fig.1 is carried out and parameters
used are shown in Table 1 and Table 2. In the simula-
tion, two aspects of system performance are investigated:
(1) effectiveness of HPF AD and LC AD. (2) dynamic
performance test of the two methods. 3th, 5th, 7th and
9th harmonics are injected into grid voltage to simulate
real grid voltage harmonics and corresponding magnitudes
are 0.1, 0.05, 0.03, 0.02 respectively [43]. Simulation
results of grid-injected currents ip are as Fig.14-Fig.16,

VOLUME 9, 2021

Fig.17 is Fast Fourier Transform (FFT) analysis of i
when L, = 4mH.

Fig.14 shows that the system cannot keep stable without
AD. Fig.15(a) and Fig.16(a) show that when L, is 0.6mH,
both HPF AD and LC AD can keep the system stable, which
is consistent with the theoretical analysis. Fig.15(b) shows
that with HPF AD, the waveform of iy appears distortion
and total harmonic distortion (THD) reaches 4.88% while
with LC AD, THD is only 1.64%. Similarly, as shown
in Fig.15(c) and Fig.16(c), when L, = 4mH, the current
waveform using the HPF AD is severely distorted, and the
THD is as high as 9.22%. As analysis before, it is because
the phase of 7th and 9th are lower than 180° which causes
the 7th and 9th harmonics to be severely amplified, as shown
in Fig.17(a). But when the LC AD is adopted, the THD
of the i reduces to 1.64%, as shown in Fig.17(b). Thus,
it is concluded that system with LC AD has better sta-
ble performance than HPF AD when L, varies in a wide
range, which makes the LC AD suitable for weak grid
condition.
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R

_(b) L,=4mH

it o 4 :
FIGURE 19. Three-phase LCL type grid-connected inverter experiment
platform.

Fig.18 shows the dynamic response of the system jump
from O to 20A with HPF AD and LC AD respectively, where
L is 1mH and 4mH respectively. The grid current reference
signal i,er is set to jump from OA to 20A. It can be seen that
with the large jump of the command, when L, = 1mH, both
the HPF AD and LC AD can track the reference signal accu-
rately and the overshoot current are 2A. When L, increases
to 4mH, the dynamic performance of system with HPF AD is
poor and the current overshoot reaches SA. However, when
LC AD is applied to the system with same L,, the system
dynamic performance is improved and the current overshoot
is only 2.5A.

B. EXPERIMENTS
In order to verify the aforementioned HPF AD and LC AD
on the experimental platform, transfer functions in (3)(8)(14)
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FIGURE 21. Grid-injected current i, without AD when Lg is 4mH.

TABLE 4. Main component specifications.

Specification

HASS50-S (50A/4V)
CVC-25 (500V/5V)

Project

Current sensor
Voltage sensor

Electrolytic capacitor ERWE451LGC152MCB5M
(1500 1 F/450V)
IGBT-IPM 7MBP50RJ120
Diode module PT5221
Electromagnetic relay SD-N35(CX) DC24V
Digital signal processor TMS320C6657
Switching power supply FBA100F-24 (DC24 4.5A)
Relay SSR-3D4830A

should be discretized. The method of Tustin [30] is used to
discretize the control part. According to the discretization
method of Tustin, the discretization expression of (3) can be
derived as (19), shown at the bottom of the next page, and
the discretization expression of (8) can be derived as (20),
shown at the bottom of the next page, where 7Ty ~ 0.05ms
is the control period, and A = (2m + 1)?. It is worth noting
that assigning K. in Hyc(z) to 0 can obtain the discretization
formula of Hpr(2).

Fig.19 is the experimental platform, in which a 9.1 kW
three-phase LCL inverter is connected to grid. The DC side
of the inverter is supplied with an adjustable transformer and
a rectifier. The output side of the LCL inverter is connected
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FIGURE 24. FFT analysis of the i, under distorted grid voltage when Lg is 4mH. (a) HPF AD, (b) LC AD.

to the grid through a relay. Parameters of the components
used in the experimental platform are shown in Table 1 and
Table 2. Moreover, the experimental hardware model is
shown in Table 4.

Fig. 20(a) shows the grid voltage u, measured in the lab
and it contains 3th, Sth, 7th and 9th harmonic voltages as the
FFT analysis in Fig.20(b).

Fig.21 shows that without AD method, i> has a large
harmonic oscillation which means the system is unstable.
Fig.22(a) shows with HPF AD, when L, = 0.6mH, the grid-
injected current i; has relatively ideal waveform and the THD
is only 2.25%. When L, is 2mH, 7, has a slight distortion and
the THD increases to 5.41%, which is shown in Fig.22(b).
This is because the reduced PM causes the phase of resonance

Kriw.T (22 — 1)

Gr(2) = Kp +
R P @ + 1T202 + 22 + (AT20? = 2)2+ (1 — . T + 1T2w2)
3 2
omT (27— 1)
+ Z 1LA72,2Y,2 ﬁ; 2 LA72,2 (19)
1 QofT + 3AT*0*)z= + (AT*w* — )z + 2 — 20¢T + ;AT ")
kn + ko)z — (ke — k

HLC(Z) _ ( h c) ( c h) (20)

0.5Twp + Dz + (0.5Tw, — 1)
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FIGURE 25. Experimental transient waveforms of the reference steps
down when Lg is TmH and 4mH.

peak to approach the —180° line. Fig.22(c) shows that when
L, increases to 4mH, the PM of the system is already seri-
ously insufficient in the frequency of 350Hz and 450Hz,
especially, the 9th harmonic in the i; is amplified greatly,
and the THD increases to 9.64% according to Fig.24(a). This
means that when L, increases, the stability performance of
LCL inverter system with HPF AD becomes worse, which is
consistent with results of theoretical analysis and simulation.

Fig.23 (a), (b) and (c) are the experimental waveforms of ip
with LC AD. It can be seen that i maintains little distortion
when L, increases from 0.6 to 4mH, and the THD of i, are
2.28%, 2.03% and 3.96%, which are much lower than that
when the HPF AD is applied.

Finally, the dynamic responses of the LCL inverter system
with HPF AD and LC AD are compared by experiments.
Fig.25 shows the dynamic process of i when L, = 1mH
and 4mH and i,y jumps from OA to 20A. In coincidence
with the simulation results, system with HPF AD and LC AD
both have better dynamic response when L, = 1mH, and the
overshoot current are 2A. But when L, = 4mH, the overshoot
current of HPF AD increases to 4.5A, while with LC AD it
is only 2.3A. It means that the proposed LC AD can improve
the dynamic performance of LCL inverter more effectively,
especially under a large Lg.

VIi. CONCLUSION

To improve power quality and stability of weak grid-
connected LCL filter inverter with QPR controller, a new
active damping scheme, LC AD, is proposed to increase
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system PM, which avoids using extra high-precision sen-
sors. Detailed theory analysis, parameters setting are given
in the paper. Simulation and experiment results show that
comparing with the traditional HPF AD, the LC AD can pro-
vide better damping effect and can improve system stability
more effectively, which makes it especially suitable for LCL
inverter under weak grid condition to achieve high robustness
and dynamic response.

It is worth noting that this LC AD is developed specially for
weak grid situation. If the grid impedance is too small or even
absent, the effect of the proposed LC AD will be deteriorated.
This problem can be resolved by the method of LC combined
with other AD methods using single-loop control, such as grid
injection current feedback, etc.
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